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- Standard cosmological model -

~

Flat ACDM cosmological model still suffers from

some problems: Dark matter
25%
e nature of “"dark components”
e behavior of gravity on cosmological scales
. . . epe . Dark energy ) Neutrinos
e gaussianity of initial conditions 69% T
e neutrino masses "\ Photons
e parameter tensions p I i L
fEuclid: )
space-based survey mission dedicated to investigate the origin of the accelerating expansion of
the Universe and the nature of dark energy, dark matter and gravity
= improved statistics to try to address unresolved questions P




Visible/near-infrared space telescope ) ///,// o
by the European Space Agency (ESA) A i s

Two major surveys:

o Euclid Wide Survey: 15 000 deg? of the extra-galactic sky
o Euclid Deep Survey: ~53 deg? split over three fields

1.2-meter-diameter telescope with two instruments:

o  Visible instrument (VIS)
o Near Infrared Spectrometer and Photometer (NISP)

Primary probes: weak lensing and galaxy clustering
Secondary probes: galaxy clusters, strong lensing, ...
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http://www.youtube.com/watch?v=CAbS8G9EBng&t=32

\

Euclid cluster survey: *

Cluster survey: st S S e 8 R S B A 9.5 < m o
NC+PS i;IZISZJE:
e area= 15000 deg? 0s4 | — 4.5|ﬁ:l'§",‘,,?z — |
e redshiftrangez=0.2-2 \ )
e massrangeM>0.9-1.0x10"M 0.835 | ' .
e Nobj~2x10%if Nsoo/o > 5 \ N ‘\_\‘
~ 2 X 10¢ if Nsoo/G > 3 e & \.\ ":% i \‘. 3
0.825 F \.\\\ ‘: o
e Cluster detection:
o photometric data 02 | s = )
o spectroscopic data
o weak gravitational lensing el s
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 Systematics:

0o dV o0 dn .
N(AXP, AzP)) = % Qmage ——— (2 :
(N(AX®, AZP)) /0 dz[ < Tan )VO d”% anr 5}

X / A / d,\'[ P(A® |,\“',zt’f}19(,\tr | M, %) dz°{P(z°b|z“,A/\§b)]
AN 0 AZ®

——— cosmology-dependent quantities = to constrain cosmological parameters

mass-observable relation = cluster mass not observable to infer through richness A
———  selection functions = observational inaccuracy (photo-z error, projection effects, ...)
——— semi-analytical models = calibrate on numerical simulations

+ cluster detection = to ensure the best final catalog's completeness and purity

+ covariance matrix = to describe statistical errors (shot-noise, sample variance, ...)
Computed/validated on simulations




Covariance matrix: s

Inclusion of uncertainties of statistical quantities Fundamental to constrain cosmological parameters

To compute the covariance:

N
. . . . A . 1 Aa ~ Aa A
e  Numerical matrix from a large set of simulations  (';; = T 3 (di — <dz>) (dj — (dj>)
. . a=1
+ all the contributes are included

- noisy matrix due to finite number of simulations / high computational resources
- cosmology-independent matrix

e Analytical models

Cij — 02(6)7 O = {Qm,O'g,.. }

+ noise free
+ cosmology-dependent

- difficult to include all the terms (non-linearities, non-Gaussianity, window functions...)

Aim : validate covariance models for number counts and clustering of galaxy clusters, to

properly describe the sources of uncertainty that can affect the cluster observables
at the Euclid level of accuracy




Simulations: PINGEGHIO algorithm.

Covariance matrices require large sets of simulations (~103):

- not feasible with N-body simulations due to high computational costs 100 |

-> approximate methods: less accurate but faster

/

150 ——

(o}
o

¢ N L

PINOCCHIO algorithm (Monaco et al. 2002):

e dark matter halo catalogs through LPT
and ellipsoidal collapse

AP (M) (M My

é(s)xs?/(Mpe/h)?

o

~103 times faster than N-body

5-10% accuracy in reproducing
2-point statistics, mass function and bias

T VA LB

Wi

- Nbody
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M(M_/h)

HNNN;
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- Simulations-

’

-

o

1000 Euclid-like lightcones:

- area =10300 deg? (a quarter of the sky)
- redshift range z=0-2

- mass range M = 10"4-10"¢ Mo

- number of objects ~3x10°

adapted from Munari+16

Masses rescaled to Despali+16/Castro+22
halo mass function

Tinker+10 halo bias model
5-10% agreement with simulations
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- Number counts: covariance = '

- "Euclid Collaboration: Fumagalli et-al. 2021

Covariance matrix from Hu&Kravtsov (2003) model:

Ca,Bij - <N>az' 50455ij + <Nb>az <Nb>ﬂ] Saﬁ

Sap = (;’;3 v P(k; 2 ) P(k; 25) Wa (k)W (k)

We (k) = 3 [o,, dz 3720 Sre o () e[k 7(2)] Yom (k) Ko

2.0
0.0 0.2 04 06 08 1.0 1.2 14 16 1.8 2.0
redshift
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- Number counts: covariance - ‘

- "Euclid Collaboration: Fumagalli et-al. 2021

x104
2.5 i
2.0 Cii
154 Cadii+1)
. . . < csv. .

e non-negligible sample variance S 1o- aai(i+2)
(higher than shot-noise at low " os] ot 1y
mass/low redshift) 0.0

-0.5
2.
e}
.
= @©
o C 14
e good agreement between £
. . . [e]
numerical and analytical matrix =
(deviations <10%)
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Number counts: likelihood = : |

- "Euclid Collaboration: Fumagalli et-al. 2021

g i | zee Poiss
Model validation and likelihood comparison: ; Gauss SN
‘." . —— Gauss cov sim
e No differences between numerical and analytical covariance W Galssitoy micdel

= AFoM = +0%

e Only shot-noise underestimate the error on parameters
= AFOM =-60%

Full covariance needed not to
underestimate the error on parameters

12
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Number counts: likelihood -

- "Euclid Collaboration: Fumagalli et-al. 2021

B Input cosmo
—— Cosmo dep
Wrong cosmo A

Cosmology dependence of the covariance: ---' Wrong cosmo B

° Wrong cosmology in the covariance (2o from Planck 2018)
= AFoM = +40/80%

° Cosmo-dependent covariance
= AFoM = +0% 0.830

00
9 0.828

Cosmology-dependent covariance needed

not to under/overestimate the posterior error 0.826 :

0.305 0310 0826 0828 0830
Qm Os

13



2-point correlation function:

excess number of pairs of a given radial separation, ,
relative to that expected for a random distribution T

Measurement: Landy-Szalay estimator: i:' '37
| Tt ey
Eai = o (nD) DD -2 (%) DR+RR| 5 _

14
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- Clustering: 2-pointicorrelation-function’

Theoretical prediction:

Fourier transform of the (linear) power spectrum
+ radial and redshift binning

o= L (5 Pa(k) ) Wik

a

&n(r)

r=20-130Mpc/h = linearscales + BAO peak

A&/Enum (%)

15



Clustering:covariance* = = . ' °

- "Euclid Collaboration: Fumagalli et -al. 2022

Covariance matrix from Meiksin & White (1999) model
(Fourier transform of power spectrum covariance)

Cois :[é /djw’f [<62Pm(k)>a + <%>J2Wi(k) Wj(kg

2 [dkk? /o2 1\’ o
+ V],,Vz-/ 2 <b Pm(k)>a<%>awj(k) O
- high onderterms( 5,7) |

redshift

Gaussian term

0.0 0.4 0.8 1.2 1.6
Low-order non-Gaussian term redshir
High-order non-Gaussian terms

16



Clustering: covariance® e

"Euclid Collaboration: Fumagalli et-al. 2022

1072
—— model

Numerical

e too approximate model:
<10% difference at low redshift

~30-60% difference at high redshift

l

o inaccurate bias model
o non-Poissonian shot noise
o  high-order terms

H
<
L

covariance

,_.
1)
&

redshift z=0.0-0.4 redshift z=1.6-2.0

—50 | <58 WW
e add three nuisance parameters fitted i ,

A cov/ covs

from simulations following Fumagalli et al. 2022 2nan’ mmLe “10[;4 ;;‘501 1o* 2o 3“01“1(;;,1 ;:jol 1
dk k2 ) 1+a\ ]°
Cuj = 5 (85)* P (k) ) — ) | Wilk) W;(k)
271’2 a ), P

+
n
2 dkk2 . 1+v\° .

@ 17



z=0.0-0.4 z=0.8-1.2

—— Model 1073
---- Model+fit
Numerical
dk k2 1+«
Cui = 37 / 212 [ b P (k)> +< ﬁ M(k)w"(k) g 2
c
dk k2 - 2
— W (k) 85, 5
V V 27r2 g 3
o
10-5
103 —— G,
3 Caii
Table 1. Best-fit values for the covariance model parameters introduced —c A(_+ Y
in Eq (27). aii+2)
s 25 ,‘
Redshift « B y i) oy ’:N_i)‘x\r,:etzfyf*z’&;‘k‘
00-04 0.111 £0.008 0.979 £ 0.008 -0.027 + 0.047 § L7y
04-0.8 0.109 £ 0.008 1.055 +0.009 -0.083 +0.037 g 285 +10% | —s0 7=
08-1.2 0.134 £ 0.008 1.181 £0.013 -0.129 + 0.027 < = 7 - . - i 15
1.2-1.6 0.157 £ 0.008 1.270 £ 0.022 -0.199 + 0.024 [h-1 Mpc] [h-1 Moc]
1.6-2.0  0.188 +0.008 1.460 +0.045 -0.263 + 0.026 r pc r BE
Reference 0 1 0

With Few simulations (~102), accurate
noise-free, cosmology-dependent covariance matrix

18
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Clustering: covariance* - |

- "Euclid Collaboration: Fumagalli et-al. 2022

@ Numerical
| Model
Covariance comparison through likelihood analysis : — Wodel+fit
e Model: underestimates the numerical result (reference)
= AFOoM = +40%
e Model+parameters: correctly reproduces numerical result
= AFOM = +5% 088
0.86
. 0.84
© 0.82
When adding fitted parameters, _—
accurate description of the covariance _—
0.30 0.31 0.32 /‘0.80 0.85
Qm Og

19
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- Clustering: Gaussianjcovariancé” . .

- "Euclid Collaboration: Fumagalli et-al. 2022

- == Model+fit, all
—— Model+fit, gauss
Numerical

10_1 F \\

10—2 L

Variance
=
S

=
-
-

10—5 L

25+¢

-50} -

AC/Chum (%)

3x101 4x101  6x 10! 102
r [h=! Mpc]

2x 10!

2 / dk k?
V. 27?2

(52, + (222 T oo wion
dk k?

Gaussian covariance: incomplete model
= AFoM = +20%

Gaussian covariance not enough
for cluster clustering covariance

20



Clusterlng cosm'o dependent covarlance

"Euclid Collaboration: Fumagalli et-al. 2022

I Wrong A
B Input

Cosmology dependence of the covariance: s Wrong B

° Wrong-cosmology covariance (2o from Planck 2018)
= AFOM =135%

° Cosmo-dependent &+covariance
= AFoM ~ 150% 0.90
0.85
Covariance with different degeneracy on parameters °
w.r.t. € due to shot-noise e mass function 0.80

0.30 0.31 0.32 - 0.80 0.85
Qm Osg

21



- "Euclid Collaboration: Fumagalli et-al. 2022

Oy = o [k [((ﬂB)ZPm (k)>j{2 (657 Patt), (F£° >}[< Lie >]‘ ACYAC

2 dkk2 - 1_][_,\ 2
+vm/ <(-””)2pm("’)>a< n > W;(k) 02,

n a

My, = 10 M,

1077¢
104
o 1073
[w] F
=
8 L
2 1079
10-10f — Al
105 == Pylk)?
g -1 | S Pn(k)/n
[ | == n72
e non gauss 1 10712 non gauss
20 30 40 60 100 20 30 40 60 100 29

rih~Mpc] rh~Mpc]



"Euclid Collaboration: Fumagalli et-al. 2022

Add mass binning to quantify the information in the mass-dependence of the halo bias

dkR [/ - Sran
Caijmnpg = i / 272 [ b o Pm(k)>a+<'—ﬁm >a:| C,

o 5D aszpnq+C¢,quqnp
x [< by by Pm(k)>a + <§ > ] W, W;
p a

Cai jmnpq — 2 )

2 D D
/dkk by Pa () O \ /O \ Wi
V 272 a\ Ny [oa\Np /o Vi ¥
Likelihood forecasts
10-2 —— Model
— ',L"Sr'fi:g, - Table 3. Figure of merit for the different mass binning cases. In the third
107 column, percent difference with respect to the “Mass threshold™ case in
g the upper part. and “2 mass bins™ numerical case in the lower one.
8w 1074
S | - ~ Case FoM AFoM / FoMuum
S -, " A A Mass threshold 29759 + 554 —
I ] 07— Ganne 2 mass bins 36555 + 349 +23%
107 — Cajuize —— Cajjz1z 3 mass bins 35243 + 308 + 18 %
— Gaijzezz — Capan 4 mass bins 37160 + 497 + 25 %
g = I ,'L \;. - A'L,L" Model 48500 + 738 + 33 %
e TIEEAE e Model + fit 37980 + 543 +4%
S Cosmo-dependent 121921 + 615 + 230 %
3
23

20 T 60 80 100
r[h~1 Mpc]




Observable space . & * o il .
_v o i - i g - Euclid Collaboration: Fumagalli et al. ip preparation

o~ ~

Richness-mass relation:

P()\|M Z) — 1 eXp . (ln ’\_<ln )‘(M,Z»)z
’ A\y/2mal, N 2”1211 A
with
M 1+2
WA, ) = In(y) + By s ) + Ol

M [h~1Mo]

omA(M,z) = Dy,

+ selection Functions P(A°?|A,z) and P(z°°|z) to add observational inaccuracy

= confirm the results in mass-space

[Covariance model validation for richness-selected clusters ]

0.0 0.5 1.0 X5 2.0 24
Zob



»
’

Joint analysis . |

0.6

Negligible cross-correlation:

e number counts and clustering independent observables

e Pearson correlation coefficient: p =-0.015 + 0.032 g
e Resultin agreement with Mana et al. 2013 results & [+
0.2
..
'I\‘l_ 0.0

20 i

Independent likelihood functions: 01

10

= Lior =Ly X £

-03

clustering AlogL

Aloge" = loge" -(log¥)

n=1, ..., Nmocks

-20 -10 o 10 20
number counts AlogL 25



~Joint analysis = L& ¢

Euclid Collaboration: Fumagalli et al. ip preparation

~
Likelihood forecasts for Euclid-like survey: MoR prior  Probe FoM AFoM / FoMnc
constraints on cosmological and NC 1971760 + 24660 -
mass-observable relation (MoR) parameters 0% CL 81018 + 231 —95 9,
l NC + CL 2409898 + 62519 +22%
A,B,.C,D, with 2 NC 186780 + 4254 -
Gaussian priors with = CL S0875 + 954 =72 %
0,1,3,5% amplitude NC + CL 225765 + 3593 + 20 %
NC 39301 + 708 -
3% cL 22826 + 839 —41 %
S DR NC+CL 64562 + 1208 +64%
cosmological constraints improved by
20-90 %, depending on MoR uncertainty NC 20572 + 315 -
5% CL 14766 + 253 ~28 %
NC + CL 39052 + 720 +90 %




Fumagalli et al. in preparation

Dataset:
redMaPPer cluster catalog from

Qm - 0_22+().()5

Sloan Digital Sky Survey data release 8 (SDSS DRS8) ~0.04
- +0.11
og = 09175,
Sky area: Q ~ 10000 deg?
Redshift: z=0.1-0.3 )
Richness: A =20 ?.r
#cluster: N~7 X 10* =
; N
Analysis: S :Z\f___
repeat the analysis by Costanzi et al. 2018 i v
(number counts + weak lensing masses) g e §/\"n,‘ :
with addition of cluster clustering & B
. i\
e
T X T PP P P P PR Y o7
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ApplicationtoSDSSidata < .

Fumagalli et al. in preparation

mm NC+My,
NC+CL
CL+My,

mEm NC+My, +CL

2.0 1 I
15 - m 20} T

S —>
LOI N 15} ]

05 I!;\ . J\\ | S Lo éesults: \
. ~ | (@ 0.5 —~ e CL helps to constrain QL

Eﬂm 02 04 05101520 e NC+CL don't constrain MoR = os

12.0 ] Om o
S ’ e  MwL+CL better than NC+MwL
1.0 4 . .

. 8 ‘. 4 «\‘\ ' ’Q e high improvement from NC+CL+MwL
BiE \o different systematics on CL and NC/
0.4 1

£ 03 \ I |
0.2 |

0.2 0.4 0.5 1.IO 1.5) 2.0: 12.0712°5
O Og log M,
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- Conclusions:

Number counts:

e accurate analytical covariance model
e Gaussian likelihood with cosmology-dependent full covariance

Clustering:
e accurate semi-analytical covariance model

e 2PCF covariance contains cosmological information (ec 1/n) that is not present in the mean value
e usefulinformation also when considering mass binning

Joint:
e improved cosmological constraints (~ 20-90% improvement)
e ~160% improvement from combined analysis(Q[ = 0.27 +0.03, 0s = 0.81 + 0.05)
e different systematics between cluster counts and clustering
= can help to improve mass calibration?

29
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Observable space ™ & *

.
N

Ll
Zobs = Z¢ + T(l + 2¢) :f:O':
P(k, ) = Pom(k)(b + fu*)* exp(—k*u’o?)

E(s) = b*E'(s) + bE"(s) + E"(s)

\. PGy = Po(t) Y exf(ko)
2ko

" s \/7? ’2 2
P(k) = o) Ppm(k) [Terf(ko) ko exp(—k“o )]
" s fl 3\/T_t _I_(g 2 pr o 122
P" (k) = WPDM(k){Terf(ka) 7 [2(ko)* + 3] exp(—k?o )}
co.
g =
H(z)

from Sereno et a. 2015

~

100 B
10—1 L
<
£
5
YV
10-2f
z°°=0.0-0.5
z=0.5-1.0
z=1.0-1.5
e z%=15-2.0
no photo-z
2 x 101! 3x10! 4x10? 6 x 10! 162

r[h=! Mpc]
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ma. e v B .
- Clustering: cosmology-dependence:

Input cosmology Cosmology-dependent ADIC =DIC DIC

cosmo bestfit

0.88f ' ' "1 o0.88f

No significant

10-1t -
Positive

0.86¢ 0.86¢ ] Strong
® | Decisive
— <ADIC>

0.84¢

N A T |
0.82} e, |7 082 W, ! ol
0.80] Qe | 080 |
0.78] . {078 . ‘ \—‘ I—I |—|

0.30 0.31 0.32 0.30 0.31 032 -70 —60 -50 -40 -30 -20 -10 0
Qm Qm DICcosmo - Dleestfit

Os

[ Cosmology-dependent covariance statistically preferred (<ADIC>=-11.5 + 1.6) ]




’ ol =

\ Ap*[')l.icalg‘i.c‘),'n"ll:q SDSS'data |

M, +CL NC+CL NC+ M,, +CL
pm Cosmo cov Cosmo cov B Cosmo cov
—— Fixed cov —— Fixed cov —— Fixed cov
14 I + + t ] ‘ + ¥ 10 i ¥
[\ 2.0t -
0.9f
o 107 . 15} )
o) e} e} 08l
1.0t - :
0.6
\ 0.5t ] 0.7}
02 03 04 06 1.0 14 03 04 05 1.0 15 2.0 0.2 0.3 04 07 08 009
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N(I\Ob, zab)

10°

10?

10?

NC+My,

15.0

14.8

14.6

14.4

14.2

14.0

15.0

14.8

14.6

14.4

14.2

14.0

.

15.0

14.8

14.6

14.4

14.2

14.0

.

NC+My, +CL

15.0

14.8

14.6

14.4

14.2

14.0

20

20 30 40 60 80 100
rih~*Mpc]

30

AOb

60
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~ Covariance fit"

Set of M simulations, producing measurements mi with dimension N
Model covariance C(6), with 8=model parameters

Gaussian likelihood

£@6) =Ty [CO) " exp - S dTC 7 0)a)
d, =m; — <m>

> [ log £(d|6) = — 2L (log |C(6)| + Tx(C~1(6)Cn))

Cn = ﬁ Zz‘:l...M didzr

MCMC process to maximise log¥ and fit 6



Covariance param

eters fit

Bayesian method for fitting the covariance model parameters by examining the X2 distributions from simulations:
A good covariance produces X? values distributed following a X2 distribution

M =50

M = 1000
] (1 = 1079 072
X |02=26.33 £ 5.44

&(n) fit Numerical

Reference:

U 11
02 =22

36
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Weak-lensing mass calibration-

Weak-lensing signal: tangential alignment of background galaxies around
the Foreground cluster due to gravitational lensing

= probe the projected mass distribution of clusters

dlogio MwL
dQp,

Observed WL mass: 10810 MwL(Qm) = logio MwL 0.=03 " (Qm—0.3)

1 = dv
MZYL - Fstyf dz KERTS) (2){M;n;)(z) X dz°°P(z%® |z, A/l:.’b)
Expected WL mass: ai 0 Az

ds 00
(Mini)(z) = f“ AMM =M. z) daor f dAP(A°°|A,2) P(A| M, 7)
0 dm ACh 0



e Validate analytical models, by comparison with numerical matrix:
evaluate which terms are important or negligible, add nuisance parameters to improve accuracy, ...

e Test covariance models in cosmological analysis, by constraining Qm and os through Bayesian inference:
comparison of different likelihood and covariance configurations

d =data

0 = parameters in the model
p ( 0 d) m l ., (d 9) p ( 0) p(0]d) = posterior distribution

£(d|0) = likelihood function
p(6) = priordistribution

v \/

FoM(Qp, 03) = 1 L(dle) _ exp {_

v/ det C(Qy,03)

1d-m(9)]"c ' [d-m(0)]}

(2m)"|C]|
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